Here we demonstrate that an impedance-based microfluidic cell volume sensor can be used to study the roles of aquaporin (AQP) in cellular water permeability and screen AQP-specific drugs. Human embryonic kidney (HEK-293) cells were transiently transfected with AQP3-or AQP4-encoding genes to express AQPs in plasma membranes. The swelling of cells in response to hypotonic stimulation was traced in real time using the sensor. Two time constants were obtained by fitting the swelling curves with a two-exponential function, a fast time constant associated with osmotic water permeability of AQPexpressing cells and a slow phase time constant associated mainly with water diffusion through lipid bilayers in the nontransfected cells. The AQP-expressing cells showed at least 10× faster osmotic water transport than control cells. Using the volume sensor, we examined the effects of Hg 2+ and Ni 2+ on the water transport via AQPs. Hg
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inhibited the water flux in AQP3-expressing cells irreversibly, while Ni 2+ blocked the AQP3 channels reversibly. Neither of the two ions blocked the AQP4 channels. The microfluidic volume sensor can sense changes in cell volume in real time, which enables perfusion of various reagents sequentially. It provides a convenient tool for studying the effect of reagents on the function and regulation mechanism of AQPs.
Water movement across the plasma membrane of cells is one of the fundamental processes in cell physiology, playing an important role in maintaining homeostasis of cell volume. While the lipid membrane is permeable to water, water transport is largely enhanced by the presence of water channels, called aquaporins (AQPs). AQPs are membrane protein channels that can selectively transport water molecules across the cellular membrane.
1 Up to date, 13 types of AQPs were identified from various animal tissues, plants, 2 and even bacteria. 3 It is reported that AQPs are closely associated with cell migration, 4 fat metabolism, 5 and neural signal transduction. 6 Malfunctioning of AQP can cause clinical diseases or disorder found in kidney, 7,8 respiratory tract, 9 brains, 10 and eyes. 11 The effect of AQP on water transport has been observed by using cells stably or transiently transfected with AQP-encoding genes 12 or AQP-knockout cells. 13 The regulation of AQPs' expression and their sensitivity to various substances have been the focus of recent studies. In order to better understand the role of AQPs in normal and pathological conditions and their regulation mechanisms, it is important to search for reagents that can selectively modulate AQP activities of different types in tissues or cells. So far, only a few pharmacological reagents have been known to interact with AQPs, and none of the known reagents is target-specific and toxic-free. Therefore, a convenient assay tool is required that can screen large commercially available libraries for AQP-specific drugs in high throughput.
14 Since water molecules are neutral species, a traditional electrophysiology method, such as the patch clamp technique, cannot be employed to observe the water flux. Alternatively, the water permeability of AQP has been indirectly measured by tracing timedependent volume change of the cells when subjected to an osmotic shock. 17 laser scanning reflection microscopy, 18 and interference filter methods. 19, 20 While these techniques are sensitive enough to detect changes in the volume of a single cell, they are not suitable for high-throughput screening. We previously developed an impedance-based cell volume sensor that can measure changes in cell volume in real time. 21 The sensor offers fast and convenient introduction of different reagents, consumes a minuscule amount of reagents (<500 µL/test), and is straightforward to use and costeffective.
In this paper, we report that the cell volume sensor can be used to study the water permeability of AQPs and to screen AQPspecific drugs. Two representative water channel proteins, AQP3 or AQP4, were overexpressed in human embryonic kidney-293 (HEK-293) cells by using a transient gene transfection method. We show that the sensor can resolve differences in the swelling kinetics between AQP-expressing cells and control cells and, therefore, allows the determination of the contribution of AQPs to cellular water transport. Heavy metal ions, Hg 2+ and Ni
, were tested to examine their selectivity in inhibition of different types of AQPs. These results demonstrate that the volume sensor can provide a convenient platform for investigating the effect of reagents on the functions of AQPs.
EXPERIMENTAL SECTION
Chemicals. NaCl, KCl, MgCl 2 , NiCl 2 , and mannitol were purchased from Sigma-Aldrich (St. Louis, MO). N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) and CaCl 2 were obtained from Fisher Chemical (Fairlawn, NJ). HgCl 2 was purchased from Aceto Chemical (Flushing, NY). Transfection reagent was purchased from Roche Applied Science (FuGene 6, Indiana polis, IN).
Solution Preparation. A stock hypotonic solution was prepared consisting of 75 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , and 1 mM CaCl 2 in 10 mM HEPES solution at pH 7.4. The isotonic solution (340 mOsm) was prepared by adding mannitol to the stock hypotonic solution (176 mOsm). Because the sensor chip measures the conductance of a sensing chamber, the conductivity of the solutions was titrated to equality with NaCl. Different osmolarities of hypotonic solutions were prepared by changing the mixing ratio of the stock isotonic and hypotonic solutions. The final osmolarities of the solutions were measured using an osmometer (Advanced Model 303, Advanced Instrument, Norwood, MA).
Cell Culture and Transfection. Microscope slides were cut to fit in the sensor and coated with 50 µg/mL fibronectin solution in 50 mM TRIS buffer prior to cell seeding. HEK-293 cells (ATCC) were grown on the glass slide in a 35-mm Petri dish using Dulbecco's modified Eagle's medium containing fetal bovine serum and penicillin-streptomycin for 2-3 days. When the cells were 40-50% confluent on the glass, they were transfected with AQP3-GFP (AQP3 tagged with GFP at the COOH terminus of AQP3), GFP-AQP4 (AQP4 tagged with GFP at the NH 2 terminus of AQP4), and GFP-encoding plasmid DNA using lipid-based transfection reagent (FuGene 6) following the manufacturer's protocol. As a control, the cells were mock-transfected by using only transfection reagent. The expression of AQPs in the HEK cells was confirmed by observing the green emission of GFP using a fluorescence microscope (Axiovert 200M, Zeiss) and recorded using a CCD camera (Axiocam MRm, Zeiss). The filter set 38 HE (ex 470 ± 40 nm; dichroic filter 495 nm; em 525 ± 50 nm, Zeiss) was selected.
Measurement of Cell Volume Change. The microfluidic volume sensor was used to measure the cell volume change in real time. 21 The principle of measuring cell volume in our sensor is based on the fact that cells are electrical insulators at low frequencies. With cells in a chamber of fixed cross section, a change of cell volume displaces the extracellular fluid, thereby changing the chamber resistance. The sensing chamber is 17 µm deep and 1.5 mm wide connected to a fluid inlet and outlet. A glass slide containing the tissue cells was inverted over the sensor chip. The chamber resistance was measured using a four-electrode array providing sinusoidal current of 100 Hz, 200 nA. The voltage between the two inner electrodes was measured using an instrumentation amplifier with input currents of <1pA to reduce polarization. A lock-in amplifier provided rectification and filtering (A commercial version of this instrument, CVC-7000, is being manufactured by Reichert Instruments, Buffalo, NY). The sensing chamber was perfused with various solutions. The flow rate of the solution was controlled by adjusting hydraulic pressure at the inlet and measured at the outlet of the sensor. The data were plotted as the ratio of cell volume change to the resting cell volume as described in our previous report.
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RESULTS AND DISCUSSION
Measurement of Water Transport. Osmotic shocks were applied to HEK cells to cause water to transport across the cell membrane, and the subsequent changes in the cell volume were measured as a function of time using the volume sensor. Figure  1a shows a representative swelling curve of the HEK cells in response to a hypotonic stimulation (solid line). The chamber was initially perfused with isotonic solution (340 mOsm) and then switched to hypotonic solution (256 mOsm). The cells reached a maximum volume in the hypotonic solution in ∼5 min, and the volume is ∼30% larger than in the isotonic solution. For comparison, a solution exchange curve of the perfusing chamber was obtained by subsequently perfusing solutions with different conductivities in the chamber ( Figure 1a (dashed line)). A complete characterization of solution exchange using various flow rates and the numerical simulation results have been published previously. 21 The time constants of the cell swelling and the solution exchange curves were obtained by fitting the data with an exponential function, and they were 60.3 and 3.2 s, respectively. These results show that the sensor can offer sufficient time resolution to observe the kinetics of cell swelling as a result of the osmotic water transport. An initial response of cells to the hypotonic stimulus is the increase in cell volume due to the osmotic water transport. Extended hypotonic challenge may cause cells to release ions and osmolytes, resulting in a slow volume decrease, which is called regulatory volume decease (RVD) . 22 This process normally takes 20-60 min in order to reach a steady-state cell volume. 21 Since the initial water permeability of cell membranes is the main concern of this work, a short duration of osmotic shocks was applied for the entire experiments. Figure 1b shows the change in cell volume in response to repeated hypotonic challenges of 5-min duration. We fitted each of those swelling curves with the exponential function and obtained reproducible time constants (τ av ) 60.6 ± 0.5 s, n ) 3, the average value of the time constants obtained from the three swelling curves). This suggests that the water transport across the cell membrane is a reversible process during the cell swelling and shrinkage. In addition, the decrease in the magnitude of the maximum cell swelling was not significant during the repeated hypotonic perfusion, indicating that the cell did not lose electrolytes significantly. Transfection of HEK Cells with AQP Genes. To clearly observe the contribution of AQPs to the water transport across cell membranes, either AQP3 or AQP4 was overexpressed in HEK cells. Panels a-c in Figure 2 show the fluorescence micrographs of HEK cells transfected with GFP, GFP-AQP3, and AQP4-GFP encoding genes, respectively. Figure 2d is the corresponding optical micrograph of Figure 2c . The HEK cells expressing only GFP showed homogeneous fluorescence intensity, which indicates that the GFP was mainly expressed in the cytosol (Figure 2a) . On the contrary, AQP-expressing cells exhibited brighter fluorescence at the edges of the cell membranes (Figure 2b and c) . The localized expression of AQPs in the plasma membranes can be more clearly observed using the confocal fluorescence microscope (see the Supporting Information). This suggests that the AQP3 and AQP4 channels were dominantly expressed in the plasma membranes, not in the cytosol. The expression of AQPs in the plasma membranes enables their participation in the water transport. Other cell lines, such as Chinese hamster ovary cells (CHO) 23 and lung epithelial cells, 24 also dominantly express the water channels in the plasma membranes.
Interestingly, small sizes of bright spots are more frequently observed in the AQP4-expressing cells than the AQP3-expressing cells (Figure 2b and c) . This may be due to a unique property of AQP4 that can form clusters of orthogonal array of particles in the cell membranes. 25 The percentage of number of cells expressing AQPs among the total number of cultured cells can be estimated by comparing the fluorescence micrograph with its corresponding optical micrograph as shown in Figure 2c Contribution of AQPs on the Water Transport. We examined the effect of AQP-expression on the water transport in HEK cells using the cell volume sensor. Figure 3a shows typical swelling responses of AQP3-or AQP4-expressing cells in the hypotonic solution (256 mOsm) along with that of mock-transfected HEK cells. Note that the steady-state cell volumes are not very different from each other. The solution exchange curve in the empty chamber was also shown in Figure 3a for comparison (note that this curve was rescaled to compare with other cell swelling curves). Clearly, the initial swelling rate of AQP3-or AQP4-expressing cells was much faster than that of a mocktransfected cell. The time constant of water movement was commonly expressed using an exponential function regardless of the specific testing methods. 16, 18 In order to observe the contribution of AQPs in the water transport across the cell membrane, an exponential function was used to fit the data measured using a volume sensor. Panels b and c in Figure 3 show the best fitting of swelling curves of AQP-expressing cells using a two-exponential function (eq 1).
The time-resolved analysis of the swelling curve reveals that the water transport can be characterized using two time constants, i.e., fast time constant (τ f ) and slow time constant (τ s ). The mocktransfected cells was also fitted with the two-exponential function having the same time constants (τ f ) τ s ), as displayed in Figure  3d .
The τ f value is associated with the swelling of AQP-expressing cells. Water transport through the AQPs is a dominant process for osmotic cellular water permeability in the AQP-expressing cells. Thus, the contribution of AQPs to the water movement was ) 11) were 4.8 ± 0.8 and 5.1 ± 0.9 s, respectively, while the average time constant for the mock-transfected cells was τ f ) 69 ± 11 s (n ) 11). The water transport rate was enhanced more than 10-fold after the AQP-gene transfection, suggesting that the AQPs are dominant water pathways for the initial swelling in the AQPexpressing cells. Note that we cannot obtain the intrinsic water permeability of AQP-expressing cells since the fast time constants (∼5 s) are comparable to the solution exchange time (∼3 s). However, the substantial difference in the apparent time constants between the transfected and nontransfected cells makes it possible to observe the contribution of AQPs and the effect of drugs on the AQP's water permeability using the sensor. For future applications, the solution exchange time of the empty chamber can be improved to subsecond range by reducing the size of the sensing chamber, also by placing a drain channel more closely before the sensing chamber to allow complete removal of the dead volume prior to applying a new solution. Previously, another group has reported that the single-channel water permeability of AQP4 is ∼3 times faster than that of AQP3. 26 However, because the collective water permeability depends on the number of AQP channels expressed in the cells, we cannot directly compare our data with the single-channel water permeability. The transfection reagent did not affect the water permeability of the cells, because the time constants of mock-transfected cells (τ f ) 69 s) are comparable to those of wild-type HEK cells (τ f ) 60.6 s). In the case of mock-transfected or wild type cells, the water permeability is associated with the transport through the endogenous AQPs and lipid membranes.
The slow water transport, characterized by τ s , may reflect the swelling kinetics of nontransfected cells. The average values of the slow time constant (τ s ) for the AQP3-and AQP4-expressing cells and mock-transfected cells were 63 ± 21 (n ) 10), 65 ± 20 (n ) 11), and 69 ± 11 s (n ) 11), respectively. The coincidence of the time constants suggests that the slow time constant component of the swelling is mainly associated with the water diffusion through lipid bilayers in nontransfected cells. Note that the late phase of cell swelling may also involve the movement of ions and other osmolytes across the cell membrane leading to RVD.
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The ratio of R 1 to R 1 + R 2 from eq 1 reflects transfection efficiency. The average values of the ratio for the AQP3-and AQP4-transfected cells were 0.45 ± 0.14 (n ) 10) and 0.41 ± 0.15 (n ) 11), respectively, which is in general agreement with the estimation from the fluorescence micrographs. Since variations in the transfection efficiency only affect the preexponential factors, not the apparent time constants, our analysis for the AQP's water permeability based on the time constants is valid regardless of the transfection efficiency.
We also examined the dependence of water permeability on the osmotic pressure gradient for the cells with and without AQP expression. Panels a-c in Figure 4 show the changes in cell volume in response to different hypotonic osmolarity. Each panel of Figure  4 was generated using the same cell culture with sequential hypotonic challenges of different osmolarities. Following each hypotonic challenge, isotonic solution was perfused to restore the cell volume to the resting volume before new hypotonic solution was introduced to the chamber. The initial rates of the swelling and shrinking events were almost identical as shown from Figures 4a to c. This indicates that only reversible water transport is involved in those early phases of cell swelling or shrinking. In contrast, the swelling and shrinking curves at the late phase look different. This discrepancy may be due to the hysteresis of cytoskeletal rearrangement or the difference in the activated ionic transport pathways between the swelling and shrinking events. Here we only considered the time constants of the swelling curve. The effect of different hypotonic osmolarity on the time constant was plotted in Figure 4d . The results showed that the τ f values of AQP3-and AQP4-expressing cells as well as mock transfected cells were independent of the extracellular osmolarity. These data suggest that only osmotic water movement was involved in the fast phase swelling, and the water permeability through either AQPs or lipid bilayers should be independent of osmotic gradient across the membrane. The τ s values of the AQP-expressing cells were not consistent for the different osmotic pressures. This suggests that other mechanisms, such as ion trafficking across the cell membrane and the influence of cytoskeleton, may contribute to the cell swelling during the repeated challenges. Various volume regulation mechanisms rely on different sensory signals and activation energy, and these effectors may be sensitive to membrane tension or cell volume. Several groups have reported the connection between AQP and ionic channel activity, 6, 27 suggesting that the expression of AQP in the cells might also affect ionic transport pathways and RVD processes. Mock-transfected cells exhibited consistent τ values as shown in Figures 3 and 4 , suggesting no significant water movement due to ions or other osmolytes transport.
Effect of Heavy Metal Ions on the Water Transport. To demonstrate the applicability of the cell volume sensor for AQP drug screening, we examined two heavy metal ions, Hg 2+ and Ni
2+
, for their selectivity and efficiency of blocking AQP3 and AQP4 channels.
24,28,29 Panels a-c in Figure 5 show the Hg 30,31 Therefore, we optimized the dose of Hg 2+ to minimize the side effect of Hg
. As shown in Figure 5a and d, after the Hg 2+ treatment, the water transport rate in the AQP3-expressing cells have been greatly reduced. Both the τ f and τ s values were increased up to 8× and 4×, respectively. While the effect of Hg 2+ on the fast phase swelling can be easily explained by the mercurial inhibition of AQP, its effect on the slow phase swelling is more complicated, involving the interaction between Hg 2+ and other membrane protein channels. The application of Hg 2+ (even with low dose) could promote Na + uptake and KCl efflux that could modify the water permeability in the slow phase. In comparison, the τ f and τ s values of AQP4-expressing cells were not affected by the Hg
. It is known that Hg 2+ irreversibly binds to the cysteine group in the pore of the AQP3 and blocks the pore. 28 The irreversible binding property of Hg 2+ in the AQP3 sites was characterized by observing that the repeated Hg 2+ -free hypotonic perfusion did not restore the swelling rate of the first swelling curve (data not shown). On the contrary, since AQP4 lacks a cysteine in the corresponding site, Hg 2+ does not show an inhibitory effect for the AQP4. 29 As a control, we examined the Hg 2+ effect on water 24 Ni 2+ can bind to three amino acid residues leading to the AQP3 blocking; however, because the three amino acids are replaced with other amino acids in the corresponding sites of AQP4, Ni 2+ does not show an inhibitory effect for the AQP4. Mock-transfected cells did not show a noticeable change in the time constant in the presence of Ni 2+ , confirming low expression level of AQP3 in the control cells.
CONCLUSIONS
In this report, we examined the participation of AQPs in the water transport using an impedance-based microfluidic cell volume sensor. We compared the time-resolved water transport characteristics between AQP-gene transfected cells and mock-transfected cells and demonstrated the significance of AQPs' role in the osmotic water transport. We also showed the applicability of the sensor for screening AQP-specific drugs by demonstrating that the water permeability of AQPs can be selectively modulated using heavy metal ions, such as Hg 2+ and Ni
2+
. Microfluidic sensor chip provides the benefit of fast solution exchange and small consumption of reagents. We anticipate that a high-throughput assay will be possible by incorporating parallel array design into the volume sensor. Figure In (a)-(c), The first and the third swelling curves were obtained using normal hypotonic (256 mOsm) solution. The second swelling curve was obtained using hypotonic (256 mOsm) containing 1 mM Ni 2+ . The baseline for the second swelling curve was obtained using isotonic solution containing 1 mM Ni 2+ . The bar graphs with one and two asterisks indicate the time constants obtained from the second and third swelling curves, respectively. The error bar represents 1σ of measurements from three independently prepared samples.
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